Abstract. Native mass spectrometry (MS) has become a valuable tool in probing noncovalent protein-ligand interactions in a sample-efficient way, yet the quantitative application potential of native MS has not been fully explored. Cellular retinol binding protein, type I (CrbpI) chaperones retinol and retinal in the cell, protecting them from nonspecific oxidation and delivering them to biosynthesis enzymes where the bound (holo-) and unbound (apo-) forms of CrbpI exert distinct biological functions. Using nanoelectrospray, we developed a native MS assay for probing apo-and holo-CrbpI abundance to facilitate exploring their biological functions in retinoid metabolism and signaling. The methods were developed on two platforms, an Orbitrap-based Thermo Exactive and a Q-IMS-TOF-based Waters Synapt G2S, where similar ion behaviors under optimized conditions were observed. Overall, our results suggested that within the working range (~1-10 μM), gas-phase ions in the native state linearly correspond to solution concentration and relative ion intensities of the apo-and holo-protein ions can linearly respond to the solution ratios, suggesting native MS is a viable tool for relative quantitation in this system.
Introduction

S
ince noncovalent protein-ligand complex was first observed in the mass spectrometer in 1991 [1] , native mass spectrometry (native MS) has become a valuable tool in studying protein-ligand interactions, including their structures, binding affinities, and kinetic and thermodynamic parameters, which has proven to be superior to other traditional methods (isothermal titration calorimetry, surface plasmon resonance spectroscopy, nuclear magnetic resonance spectroscopy) in speed and sensitivity [2] . The term Bnative^implies physiological conformation is maintained throughout the gentle ESI process transferring intact molecules from solution phase to gas phase. Discussions continue as to what extent the interactions in the solution phase can be preserved in the gas phase [3] [4] [5] . Studies on various noncovalent complexes have exhibited a correlation of stoichiometry, binding affinity, and conformation between in vacuo and in solution [6] [7] [8] . Models that have been developed for understanding ion formation and the desolvation process under native conditions have also indicated the likely possibility of the retained structure of protein complexes [9] . These combined efforts have encouraged the application of native MS to study protein interactions with ligands, peptides, proteins, or nucleotides, and provided an avenue for timely and sample-efficient analysis. Of note, quantitative analysis by native MS has shown promise in monitoring single protein species for binding affinities or kinetics with small molecules [10] [11] [12] . Semi-quantitation for heterogeneous protein mixtures has been made possible through improved resolving power and algorithm innovations [13, 14] , with advancements in coupling online or offline separation techniques [15] [16] [17] . However, the correlation between absolute ion response and concentration in solution for protein-complex species requires further study because of the complexities in response factors, intrinsic interactive forces [10] [11] [12] , and instrumental settings among the noncovalent complexes being investigated [3, [18] [19] [20] [21] . This lack of knowledge has resulted in Electronic supplementary material The online version of this article (doi:10. 1007/s13361-016-1499-5) contains supplementary material, which is available to authorized users.
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difficulties in comparing data from native MS with other methodologies [22, 23] , hindering a comprehensive understanding of ion behavior under the native condition, which may result in an underestimation of the analytical power of this approach.
Cellular retinol binding protein, type I (CrbpI), is a chaperone protein that binds retinol and retinal 1:1 with high affinity (low nM K'd), protects its ligand from nonspecific oxidation, and influences the biosynthetic flux of retinol to its active metabolite, all-trans retinoic acid (atRA) [24, 25] . Holo-CrbpI (retinoid-bound form) serves as a substrate for both enzymes that produce active metabolite atRA and enzymes that esterify retinol for storage as retinyl esters. Apo-CrbpI (unbound form) has the regulatory ability to stimulate or inhibit the activity of specific enzymes [25] .The elegant role of CrbpI as a modulator of metabolite flux lies in the ratio of holo-CrbpI (bound form) and apo-CrbpI (unbound form) that directs intracellular retinol towards either atRA biosynthesis (active metabolite) or retinyl ester formation (storage) depending on whether vitamin A is in abundance or in demand. Previously, retinol and CrbpI were quantified separately in rat liver where CrbpI was quantified by radioimmunoassay and retinol was quantified by HPLC-UV [25, 26] . Here, CrbpI was in greater abundance than retinol, where CRBP and retinol concentrations were~7 and~5 μM, respectively [24, 26] . However, the physiological ratio in many extrahepatic tissues and the extent it fluctuates under conditions of vitamin A abundance, vitamin A demand, or CrbpI loss due to disease remains incompletely understood because of technical difficulty in directly quantifying apo-and holo-CrbpI from a complex matrix (in vivo source). This technical difficulty arises from CrbpI being a poor immunogen where traditional immunoassays reliant on specific antibodies have resulted in conflicting data among different research labs [27] [28] [29] . As such, the lack of antibodies with sufficient specificity means traditional antibody-based methods have not and will not be fully successful toward the characterization of the CrbpI complex. MS-based analyses can provide the detection specificity that antibody-based methods for CrbpI lack. Native MS provides the ability to interrogate the abundance of the apo-CrbpI and holo-CrbpI complex directly. A bottom-up proteomic approach could also provide specific detection of CrbpI abundance but would require a parallel analysis of CrbpI ligand [30] [31] [32] and then calculation of the amount of apo-and holo-CrbpI.
In recent years, the significance of CrbpI to maintaining retinoid homeostasis has been of increasing interest, given its epigenetic silencing occurrence in 10 of the top 12 most common cancers [33] . Additional studies have indicated that CrbpI loss is an early event in carcinogenesis that is associated with the increased propensity for cancer progression and the incidence of metastasis [34] in almost top 10 cancer types, indicating its crucial function as an indicator of local retinoid metabolism and a potential marker for cancer detection and treatment [33] . As such, the reliable measurement of holo-and apo-CrbpI abundance will facilitate a fundamental understanding of its biological role in retinoid signaling, and may also serve in determining CrbpI levels (both bound and unbound forms) as a molecular indicator of disease state that may provide diagnostic and prognostic value.
Here, for the first time, we developed a native mass spectrometric assay for measuring the abundance of apo-CrbpI and holo-CrbpI, and examined our results on two different platforms (Orbitrap-based Thermo Exactive and Q-IMS-TOFbased Waters Synapt G2S) to quantitatively investigate ion behavior under native conditions. This proof-of-concept study leads to a greater understanding of the native mass spectrometry of complex mixtures and informs on the behavior of small, noncovalent protein-ligand complexes in the mass spectrometer. Using CrbpI-retinol as a model system, we explored the working dynamic range where native mass spectrometry provides a linear correlation between ions in the gas phase and molecules in the solution phase, and took factors including concentration, solvent, and instrumental features into consideration on two widely adopted platforms. The results provided here on noncovalent protein complexes in the gas phase will contribute to the understanding of native mass spectrometry as a quantitative tool. Additionally, our assay demonstrates the potential for measurement of apo-/holo-CrbpI ratios in vivo, which will aid in the elucidation of retinoid homeostasis.
Experimental
Sample Preparation
Recombinant mouse CrbpI was prepared as previously described [35] . Briefly, mouse CrbpI with a GST tag was expressed recombinantly from E. coli cells. The GST tag was cleaved with Promega ProTEV protease (Promega, Madison, WI, USA). Purified protein was dialyzed through a 3 kDa molecular weight cutoff (MWCO) spin filter columns (Millipore, Billerica, MA, USA) and stored in PBS solution at -80°C. All-trans-retinol was purchased from Sigma-Aldrich (St. Louis, MO, USA) and handled under yellow light. To make holo-CrbpI, retinol was dissolved in ethanol, and was added to apo-CrbpI solution with a glass Hamilton syringe (Sigma-Aldrich), gently mixed, and equilibrated for 5 min at room temperature before measuring the absorbance. Apo-CrbpI and holoCrbpI concentrations were determined from UV absorbance using published molar extinction coefficient (ε) values [36] . For any purified protein containing amino acids with aromatic rings, they exhibit an absorbance maxima at 280 nm in solution; CrbpI alone in solution shows an absorption peak at 280 nm (A 280 ) with a molar extinction coefficient 28080 M
Retinol in ethanol shows an absorption peak at 325 nm; however, when retinol is bound to CrbpI, there is a 25 nm shift in λ max , which yields a peak maximum for holo-CrbpI at 350 nm (A 350 ). The ε for retinol bound to CrbpI was previously determined to be 50200 M -1 cm -1 [28] . Retinol binds to CrbpI in a 1:1 ratio where 100% binding yields a theoretical A 350 /A 280 ratio proportional to the ε ratio of retinol bound to CrbpI (50200 M
), which is 1.8. An A 350 /A 280 ratio above 1.6 was required in these studies to ensure sufficient binding (>90%) between retinol and CrbpI.
Mass Spectrometry
Native MS mass spectra were acquired on two instruments for comparison: an Orbitrap-based instrument (Exactive ; Thermo Fisher Scientific, Bremen, Germany) and a quadrupole-ion mobility separation-time-of-flight (Q-IMS-TOF) instrument (Synapt G2S; Waters, Manchester, UK). Before analysis, all protein sample solutions were buffer exchanged into 10 mM ammonium acetate using a 3 kDa cutoff centrifugal filter (Millipore). Samples were adjusted to a solution concentration between 0.25 to 10 μM according to UV absorbance and then introduced to the gas phase by direct infusion using a syringe pump. Native-like cations were generated using nanoelectrospray ionization from a PicoTip emitter with a 30 μm internal diameter (New Objective, Woburn, MA, USA). A stable spray at nanoflow rate was obtained for 1 min for data analysis. All MS experiments were performed in positive ion mode and instrumental parameters were optimized on each instrument to minimize in-source dissociation as described. Myoglobin from equine skeletal muscle (SigmaAldrich, MO, USA) was tested as a native MS assay control and an internal standard in some studies at either 2 μM . Mass spectra were acquired over the range m/z 1500-3000 and 50 to 80 scans were averaged prior to data analysis. MASH Suite was used for mass deconvolution and relative quantitation [37] .
Synapt G2S Full scan mass spectra were recorded in Resolution Mode where the experimental resolution that was achieved was at least 20,000 across samples. The typical operating conditions were optimized for the highest sensitivity of detection: flow rate, 100 nL/min; electrospray voltage, 2.5 kV; source temperature, 50°C; trap CE, 2 V; gas control, 6 mL/ min, cone voltage, 0 V. The backing pressure at the time of experiment was 3.0 mbar; trap pressure 1.5 × 10 -4 mbar. Data for each sample was acquired for 1 min in the mass range between m/z 1000 and 3500. Mass calibration was performed using CsI. MassLynx V4.1 (Waters, Manchester, UK) was used for experimental mass determination and quantitation.
Quantitative Analysis
Quantitative measurements for native MS of both CrbpI and myoglobin included the abundance of all charge states under native conditions in the calculation for each species, where an integration of isotopic peak areas, including areas of adduct ions, were utilized for each charge state. Peak areas with peak scores below 90 (determined through MASH suite), which correlated to the ion intensities of those peaks being below 5% of the parent protein ion, were discarded.
The y-axes entitled Bnormalized absolute ion intensity^in Figure 2 were calculated through normalizing the absolute ion peak areas in order to allow for easier comparison between the two instruments. The Bdissociation level^that is mentioned in the text refers to the peak area ratios of apo-CrbpI to the sum of apo-and holo-CrbpI.
Results and Discussion
Qualitative Characterization of CrbpI by Native MS Exactive As myoglobin has been widely studied as a model system for developing native MS assays and has a similar molecular weight and charge state distribution as CrbpI, we used it as a control to test the generalizability of the optimization for native conditions we developed for CrbpI. Under native conditions, myoglobin showed a charge state distribution that centered on 8+ as previously reported [38] (Figure 1ai) , with an experimental monoisotopic mass of 17555.2 Da. The denatured myoglobin has a monoisotopic mass of 16940.5 Da (data not shown) suggesting the mass shift was due to the binding of heme. Under the same experimental settings, the native mass spectra of the complex of CrbpI bound to its ligand, retinol, displayed a mixture of a mixture of bound (holo-) and unbound (apo-) CrbpI showing two distinct ion series corresponding to apo-CrbpI with a monoisotopic mass of 16613.1 Da and 16899.4 Da for holo-CrbpI (Figure 1aii ). This value is in excellent agreement with the theoretical mass calculated from the plasmid sequence of apo-CrbpI (16613.2 Da) and holoCrbpI (16899.4 Da) with a mass difference of retinol (286.2 Da). As expected, under nondenaturing conditions, the compact structure of apo-CrpbI and holo-CrbpI shared similar charge state distribution that centered on 8+, likely due to their similar conformations according to previous NMR analysis [39] .
As reported in the literature [39] , the observation of intact noncovalent complexes during native MS analysis have been found to be particularly influenced by various interface parameters, which affect the reproducibility of native MS assays. With the utilization of a suitable commercialized emitter, we were able to reproduce our data and compare them between different platforms. Various parameters were optimized where source temperature, flow rate, and spray voltage appeared to be the most critical factors for controlling the sensitivity, resolution, and in-source dissociation of the protein complex (Supplemental Figure 1 ). The absorbance spectra suggests that the fraction of free (unbound) protein in solution is less than~10%, whereas we observed~26% apo-protein of total protein under optimized conditions, where the additional proportion of apo-protein was attributed to in-source dissociation of holo-CrbpI (Figure 1aii ). Since previous studies have indicated that the response factors for apo-CrbpI and holo-CrbpI should be similar [3] , the additional dissociation must occur in the gas phase. We investigated the occurrence rates and extent of dissociation further (vide infra).
Peaks corresponding to protonated holo-CrbpI, apo-CrbpI, and myoglobin ions are observed in the spectra (Figure 1aiii,  1biii) . No myoglobin was detected to be complexed with retinol consistent with the previously well-characterized high affinity binding of CrbpI to retinol [24] . The addition of myoglobin to holo-CrbpI did not change the charge state distributions but the absolute ion abundance dropped 20% to 80% for each species (Supplemental Figure 2A) , compared with having holo-CrbpI alone at the same concentration. This proved to be a common event across concentrations suggesting a competition mechanism of ion formation under native conditions, which will be addressed in detail in the following section.
Synapt G2S Data comparable to that collected on the Exactive (Figure 1a) was collected on the Synapt G2S (Figure 1b) . Upon deconvolution of the spectra for all three samples, average masses of 16623.8 ± 0.3 Da, 16909.8± 0.1 Da, and 17565.5 ± 0.7 Da were obtained, which is in good agreement with the theoretical average masses for apo-CrbpI (16623.9 Da), holo-CrbpI (16910.4 Da), and myoglobin (17565.6 Da), respectively. Similar to the results on the Exactive, mass spectra of CrbpI acquired under native conditions on the Synapt G2S showed a distribution centered on +8 charge states (Figure 1bii ), consistent with a folded protein conformation. Two series at the +7, +8, and +9 charge states Figure 1 . Native mass spectra of (i) myoglobin (5 μM), (ii) holo-CrbpI (5 μM) with in-source dissociation (inserted figure represents UV spectra corresponding to holo-CrbpI in solution, A 350 /A 280 >1.6 were achieved to ensure more than 90% retinol were bound to CrbpI), (iii) holo-CrbpI (1 μM) with myoglobin (1 μM) on two instruments: (a) Exactive, (b) Synapt G2S. (myoglobin , holo-CrbpI , apo-CrbpI ). Note: Holo-CrbpI forms a 1:1 complex with retinol were observed, corresponding to apo-CrbpI and holo-CrbpI (Figure 1bii ). In the case of holo-CrpbI, the more mild values of interface parameters that could be achieved on the Synapt G2S were found to preserve the noncovalent complex, where a low intensity distribution of dissociated holo-CrbpI was also observed (~39%). Also on the Synapt G2S, the addition of myoglobin to holo-CrbpI did not change the charge state distributions and had less of an impact on absolute ion abundance than on the Exactive for each species (Supplemental Figure 2B ) compared with having holo-CrbpI alone at the same concentration under the same instrumental conditions.
Evaluation of the CrbpI Complex Stability in the Gas Phase
(1) Charge State Distribution for the CrbpI Complex As shown in Figure 1 , the charge state distribution showed a similar pattern on both instrument platforms investigated here. Figure 1 shows that 88% ± 5% of the signal originates from the +8 charge state among three different experimental component systems. The CrbpI complex with retinol does not result in a major change the observed charge-state distribution compared with apo-CrbpI. The charge state 8+ being the dominant species fits in well with the Rayleigh/CRM framework that is proposed elsewhere [9] , supporting the existence of similar charge-state distributions for the apo-and holo-protein is a similar ion mobility drift time as detected using the Synapt G2S, which indicates a similar conformational shape [39, 40] (Supplemental Figure 3) .
However, some subtle differences between apo-CrbpI and holo-CrbpI can be observed. The absolute ion intensity ratio of apo-CrbpI to holo-CrbpI increases as the charge state decreases from +9 to +7. For example, in Figure 1aii , at the +9 charge state, the ratio of apo-protein ion intensity to holo-protein ion intensity was found to be 61%, which is lower than 71% and 80% at the +8 and +7 charge states, respectively. Similarly, there were no significant differences between ion intensities at +8 and +7 charge states on Synapt, but charge state +9 showed lower ratios of free protein. For quantitative purposes, we combined the ion intensities of the three observed charge states since each ion species represents a quantifiable amount of molecule in the gas phase regardless of the charges that they carry.
(2) Preservation of CrbpI Complex Through Cooling Agent
We evaluated additional strategies to minimize dissociation during native MS methods to preserve the binding of a retinol to CrbpI. This 15 kDa protein contains 135 residues, which form two 5-stranded β-sheets [40] . The two β-sheets are packed orthogonally to form a solvent-filled β-barrel. The ligandbinding pocket, which physiologically accommodates all-trans retinol, is located inside the barrel. Importantly, the retinol binds CrbpI predominantly by hydrophobic interactions, as the ligand forms a hydrogen bond with the carbonyl group of the Gln 108 side chain. The experimental challenge often posed by small hydrophobic ligands is their facile dissociation from proteins in the gas phase [41] . The removal of solvent molecules from the protein-ligand complex environment reduces the entropy-driven hydrophobic interactions to short-range van der Waals interactions. As a result, even very mild desorption conditions often cause partial or complete complex dissociation [3] , thus compromising the ability to interrogate protein-ligand complexes by native MS. One strategy for stabilizing holoCrbpI was to introduce imidazole into solution [10] . We utilized the ion peak area ratios of apo-CrbpI to total CrbpI as the dissociation level shown in Supplemental Figure 4 . Addition of imidazole yielded a minor increase of the complex preservation (~5%); however, the loss in sensitivity and deterioration in peak shape were not worth the minor increase in complex preservation. Additional data on the impact of source conditions on dissociation level are included in Supplemental Figure 1 .
(3) Concentration Dependence of In-Source Dissociation
We investigated the relationship between absolute gas-phase abundance and solution-phase concentration to determine if the linearity of response and the dissociation ratio would remain constant across concentrations. The response for apo-CrbpI and holo-CrbpI via native MS was compared with experimentally derived values from absorbance spectroscopy. As shown in Table 1 , ion intensity of myoglobin is positively correlated with solution concentration (2-8 μM), and showed a good linear correlation R 2 (0.98) (Supplemental Figure 5) . Saturation of signal and nonlinearity began at >8 μM and >6 μM on the Exactive and Synapt G2S, respectively. Holo-CrbpI showed a similar trend; however, the linear correlation was slightly less at R 2 (0.94) (Supplemental Figure 5) . The relative intensity ratios of apo-to holo-CrbpI exhibited an inverse trend with increasing solution concentration (Figure 2a) .
With the addition of an equal amount of myoglobin (2 μM) to the same concentration series of holo-CrbpI to serve as an internal standard, we observed an additional minor reduction in correlation R 2 (0.92). The same three systems were examined on the Synapt G2S and showed a similar decreasing trend in linear correlation (R 2 ) from single to two and three components (Figure 2b and Supplemental Figure 5 ). The loss of linear correlation among three different systems could possibly be explained by (1) additional variability introduced by the dissociation of holo-CrbpI that varies with concentration ( Figure 2 and Supplemental Figure 5) , and/or (2) fluctuations of myoglobin abundance in the gas phase due to the interaction at the ion formation stage where the competition of ions at different concentrations may result in differences in ion efficiency (Figure 2aiii, 2biii) . Regardless of this observed variability, it is still possible for native MS to achieve linear gas-phase response as a function of solution concentration with R 2 > 0.9 with optimized instrumental parameters, solvents systems, and a good understanding of intrinsic protein complex characteristics.
(4) Impact of Additional Species on In-Source Dissociation Previously, including an internal standard had improved the reproducibility of native MS assays [42] . Figures 2 and 3 show an effect on the retention of the holo-CrbpI complex when an additional species (myoglobin) is present. At lower concentrations of holo-CrbpI, when ion intensities of holo-CrbpI were lower than myoglobin, the in-source dissociation increased 16% compared with when holo-CrbpI was analyzed alone (Figure 3 , on Synapt G2S). When the signal intensity of holoCrbpI was in excess of myoglobin (as is the case when both myoglobin and holo-CrbpI are present at 1 μM), the retention of holo-CrbpI was greatly improved, yet the spectrum of holoCrbpI still exhibited~5% more dissociation compared with analyzing holo-CrbpI alone. Whereas the mechanism of this concentration dependent dissociation warrants further study, potential mechanisms may include competition during ion formation that may alter ionization efficiencies for apo-CrbpI and holo-CrbpI.
Relative Quantitation of apo-/holo-CrbpI
In order to determine if we could use this native MS assay to probe the ratio of apo-/holo-CrbpI in solution, we defined the relationship between ion signal and solution concentration (Equation 1 and Equation 2 ). The factor relating the ion signal and the analyte concentration is called the electrospray response factor R. In this case, we also have to account for the dissociation ratio D, which also tended to vary across concentrations. The relative abundance of apo-CrbpI([P]) to holo-CrbpI([PL]) in the gas phase can be presented in the following equation:
In Equation 1, C P and C PL represent the solution concentration of apo-CrpbI and holo-CrbpI. R P and R PL refer to the response factor for apo-and holo-CrbpI. Equation 1 can also be transformed in the following format:
Equation 2 indicates that if R P and R PL could remain constant, and the dissociation ratio D only fluctuates at negligible level within the tested concentration range, the relative ion abundance in the gas phase could correlate with relative solution concentration in a linear pattern. The slope and intercept could inform on differences between instruments in terms of the relative response factor Rr(R P /R PL ) and an average value of the dissociation ratio.
To test our theory, we kept apo-CrbpI constant (5 μM for Exactive, 2 μM for Synapt G2S), combined with a series of concentrations (from 0.1-to 1-fold excess of apo-CrbpI concentration) of retinol and allowed to equilibrate at room temperature for at least 5 min prior to native MS analysis (Figure 4) . Table 2 shows excellent linear correlation on each platform, although each platform had a unique slope, intercept values, and linear equations. The difference of linear correlation parameters on two instruments indicates there may be a different selection process of ion transfer that possibly occurs both at the interface and in the mass spectrometer for apo-and holo-CrbpI. Previous studies have hypothesized that if the ligand is small, a protein and its complex should share the same R value across the concentration for native MS assays [12, 41, 43] , which does not seem to hold true for the small protein that we studied here (as illustrated in Supplemental Figure 2 ). This finding may help researchers design better affinity studies or models for native MS methodologies.
Conclusion
In this proof-of-concept study, we developed methodology for relative quantitation for small protein and its ligand-bound form, apo-and holo-CrbpI, which provided sufficient accuracy and relevant sensitivity for potential future application to functional investigations of the role of CrbpI in retinoid metabolism and signaling. For this quantitative MS assay, we were able to obtain linear correlations between gas-phase ion abundance ratios and solution concentration ratios on two instruments, indicating this has the potential to become a translatable assay between instrument platforms and reproducible regardless of mass spectrometer design. The difference between response Figure 4 . Native mass spectra of CrbpI with different ratios of apo-to holo-forms acquired on Synapt G2S. The total concentration of CrbpI was fixed at 5 μM. Numbers shown in the figure represent the ratios of apo-to holo-CrbpI in solution, which were obtained through UV spectroscopy. The ligand retinol forms a 1:1 complex with CrbpI thus presented in an equivalent amount as holo-CrbpI factors and in-source dissociation ratios that were observed in our native MS analyses indicated these crucial parameters need to be addressed in study designs and data analysis regarding to protein-ligand interactions. Moreover, to apply this assay for samples with complex backgrounds, appropriate separation strategies, including but not limited to hydrophobic interaction chromatography and size exclusion chromatography, will have to be integrated in the workflow either online or offline, which have shown promise for many protein complexes. Current studies in our laboratory are seeking to test the utility of this assay to determine the physiological ratio of apo-/holo-CrbpI in various tissues and cell types and how loss of CrbpI impacts this ratio and the corresponding metabolite flux.
